Arundo donax has been identified as an important biomass and biofuel crop. Yet, there has been little research on photosynthetic and metabolic traits, which sustain the high productivity of A. donax under drought conditions. This study determined phenotypic differences between two A. donax ecotypes coming from stands with contrasting adaptation to dry climate. We hypothesized that the Bulgarian (BG) ecotype, adapted to drier conditions, exhibits greater drought tolerance than the Italian (IT) ecotype, adapted to a more mesic environment. Under well-watered conditions the BG ecotype was characterized by higher photosynthesis, mesophyll conductance, intrinsic water use efficiency, PSII efficiency, isoprene emission rate and carotenoids, whereas the IT ecotype showed higher levels of hydroxycinnamates. Photosynthesis of water-stressed plants was mainly limited by diffusional resistance to CO 2 in BG, and by biochemistry in IT. Recovery of photosynthesis was more rapid and complete in BG than in IT, which may indicate better stability of the photosynthetic apparatus associated to enhanced induction of volatile and non-volatile isoprenoids and phenylpropanoid biosynthesis. This study shows that a large phenotypic plasticity among A. donax ecotypes exists, and may be exploited to compensate for the low genetic variability of this species when selecting plant productivity in constrained environments.
Introduction
Drought stress is one of the major environmental factors affecting plant growth and productivity worldwide. It is predicted that periods of severe drought will significantly increase in the near future, especially as a consequence of intense heat waves (Trnka et al., 2011; Beringer et al., 2011) . Decline in photosynthesis is an early response of plants challenged by drought stress (Lawlor and Cornic, 2002; Munns, 2002; Signarbieux and Feller, 2011) , as a consequence of diffusive and metabolic limitations (Cornic, 2000; Centritto et al., 2003; Flexas et al., 2004; Chaves et al., 2009 Chaves et al., , 2011 . Reductions in stomatal (g s ) and mesophyll (g m ) conductance to CO 2 mostly constrain photosynthesis at early stages of drought, because of the reduced CO 2 availability at Rubisco sites (Loreto et al., 1994; Flexas et al., 2004) . Metabolic impairments become progressively more relevant in limiting photosynthesis as drought stress progresses (Long and Bernacchi, 2003; Chaves et al., 2011) . Under severe drought the electron transport rate may largely exceed the demand of the Calvin cycle, and oversupply of excited electrons generates reactive oxygen species (ROS) at large rates, thus exposing plants to photo-oxidative stress (Silva et al., 2010; Hernández et al., 2012) .
Plants have evolved a highly integrated network of 'secondary' defense mechanisms aimed at avoiding the generation of ROS, or detoxifying ROS once they are formed. Secondary metabolites may play a primary role in the response mechanisms to drought-induced photo-oxidative stress, particularly in fast-growing species evolved in humid areas of the world, in which the suite of morpho-anatomical traits is unable to efficiently limit the flux and the management of excess photons in the leaf (Tattini et al., 2015 and other references therein) . Hygrophilic plants usually emit isoprene at high rates under well-watered conditions , and isoprene emission is even transiently stimulated at early stages of drought stress imposition (Brüggemann and Schnitzler, 2002; Beckett et al., 2012) , or after recovering from drought (Sharkey and Loreto, 1993) . Often, reduced water availability does not have notable effects on isoprene emission even under severe drought conditions. Isoprene emission remains stable or shows only small decreases, while photosynthesis is largely depressed (Sharkey and Loreto, 1993; Funk et al., 2004; Pegoraro et al., 2004; Brilli et al., 2007) . There is evidence that isoprene biosynthesis is indeed stimulated by reductions in substomatal CO 2 concentration and that plants invest increasing amounts of carbon in isoprene biosynthesis when photosynthesis declines to a greater degree than electron transport rate (Brilli et al., 2007; Morfopoulos et al., 2014) . Isoprene has been extensively shown to contribute to stress resistance, by regulating ROS formation and improving the stability of thylakoid membranes (Loreto and Velikova, 2001; Vickers et al., 2009a; Velikova et al., 2011 Velikova et al., , 2012 Velikova et al., , 2015 , and this also includes drought stress (Ryan et al., 2014; Tattini et al., 2014) .
The function of ROS quenchers is generally ascribed to non-volatile isoprenoids, such as carotenoids. β-Carotene and, to a much lesser extent, zeaxanthin have been recently shown to be oxidized by singlet oxygen, and β-carotene oxidation products may have a role in chloroplast-to-nucleus (retrograde) signaling, thus further improving resistance to photooxidative stress (Ramel et al., 2012) . Recent evidence suggests a potential relationship between isoprene and phenylpropanoid biosynthesis in a range of species (Beckett et al., 2012; Tattini et al., 2014 Tattini et al., , 2015 Velikova et al., 2016) . Suppression of isoprene biosynthesis in poplar significantly repressed the biosynthesis of phenylpropanoids, such as condensed tannins and flavonoids, and exposed plants to more severe oxidative stress than wild-type poplars during transient drought stress (Behnke et al., 2010) . Consistently, the biosynthesis of phenylpropanoids increased much more in isoprene-emitting than in non-emitting lines of tobacco in response to drought stress, which may in part explain the superior drought stress resistance displayed by isoprene emitters (Ryan et al., 2014; Tattini et al., 2014) . Volatile and non-volatile isoprenoids and phenylpropanoids may play complementary 'antioxidant' roles depending on the extent to which drought stress constrains the usage of radiant energy for CO 2 assimilation, on both a daily and a seasonal basis Tattini et al., 2015) . Exploring the combined contribution of isoprenoids and phenylpropanoids in plant responses to drought stress is a timely research issue in view of projected increases in air temperature coupled with severe, transient or prolonged periods of soil water scarcity in the near future (IPCC 2013) .
The predicted climate changes may have particular significance for the cultivation of strong isoprene emitting crops, such as fast growing plants commonly used for biomass (or biofuel) production (Ashworth et al., 2012 (Ashworth et al., , 2013 Loreto and Fineschi, 2015; Porter et al., 2012) . Here we studied Arundo donax, a C 3 perennial grass that originated in Asia and spread in the Mediterranean region, USА, China, Australia and Southern Africa (Lewandowski et al., 2003) , which is among the most promising biofuel and bioethanol crops. Specifically, we compared the physiological and metabolic adjustements in response to drought stress of two A. donax populations, one from Sesto Fiorentino, Florence, Tuscany (Italy) and the other from Srebarna, Silistra (Bulgaria). The Bulgarian (BG) ecotype experiences yearly warmer air temperature and lower precipation than the Italian (IT) ecotype. Since A. donax is an asexually reproducing species due to seed sterility, it is suggested that the two selected plant populations are genetically identical (Ahmad et al., 2008; Mariani et al., 2010) , but have evolved phenotypic differences under different environmental conditions, and hereinafter in the text they will be referred to as 'ecotypes'. We hypothesized that the BG ecotype exhibits greater drought tolerance than the IT ecotype, and that this is associated with phenotypic adjustments. The main goal of the present research was to understand how physiological traits in two A. donax ecotypes contribute to their response to drought stress and ability to recover. Our specific aims were to (1) quantify differences in photosynthesis and photosynthetic limitations, and (2) investigate possible relationships between isoprene emission and biosynthesis of other secondary metabolites (carotenoids and phenylpropanoids) in drought-stressed ecotypes.
Materials and methods

Plant material and growth conditions
Arundo donax rhizomes were collected from natural habitats in Sesto Fiorentino, Florence, Italy (IT) (mean summer temperature of ~23 °C and ~800 mm annual precipitation, 43°50′N 11°12′E) and Srebarna, Silistra, Bulgaria (BG) (mean summer temperature of ~25 °C and ~500 mm annual precipitation) (44°06′N 27°04′E). Potted plants were grown in a climatic chamber at 25/20 °C day/ night temperature, 12 h photoperiod, 300 µmol m −2 s −1 photosynthetic photon flux density (PPFD), 70-80% relative air humidity and 400 µmol mol −1 ambient CO 2 concentration over a 4-week period. Drought stress was imposed by withholding water, and the fraction of transpirable soil water (FTSW, %) was measured as described in Brilli et al. (2007) . Gas exchange and isoprene emission were measured at different stages during the experiment: (1) at control conditions before the onset of drought stress (FTSW=98%), (2) during the drought exposure at mild stress (FTSW=45%), (3) during the drought exposure at severe stress (FTSW=28%), and (4) after re-watering (recovery to 96% of FTSW). The time lapse to reach the severe stress (28% FTSW) was 4-6 weeks in different plants. Plant recovery was assessed after 2 weeks at FTSW=96%, i.e. after the values of stomatal conductance remained stable for 5 days. Measurements were carried out on the fourth fully expanded leaf from the top. The relative leaf water content (RWC, %) was measured as (FW-DW)/(TW-DW)×100, where FW is the fresh weight, DW is the dry weight after oven drying the leaf at 80 °C until constant weight is reached, and TW is the turgid weight of the leaf (leaf kept in distilled water for 24 h in the dark).
Growth and biomass measurements
The specific leaf area (SLA, the ratio of leaf area to leaf dry weight, expressed as mm 2 mg −1 DW) was measured under control conditions (98% FTSW) and after re-watering following the drought stress (96% FTSW). Leaf discs were cut from the third and fourth leaf of five different plants. Leaf segment dry weight was obtained after oven drying at 80 °C for 48 h. At the end of the experiment, leaf number, stem height, and stem and leaf weights were measured in control and re-watered plants. The above-ground biomass was calculated by summing the stem and leaf dry weights for each plant.
Gas exchange and chlorophyll fluorescence measurements
Exchanges of CO 2 and water vapor were measured with a portable leaf gas exchange system (LI-6400, Li-Cor, Lincoln, NE, USA), and gas-exchange parameters were calculated with the instrument software. The middle part of the leaf was placed inside the 6 cm 2 gas exchange cuvette, and exposed to a constant flow (300 µmol s −1 ) of synthetic air (21% O 2 , 79% N 2 , and 400 μmol mol −1 CO 2 ). During all measurements, temperature and light in the leaf chamber were maintained at 30 °C and 1000 µmol m −2 s −1 PPFD, respectively. The relative humidity was set at 45-50%. The intrinsic water use efficiency (iWUE) was calculated as the ratio between net photosynthetic rate (A N ) and stomatal conductance (g s ). To parametrize photosynthetic limitations, the response of photosynthesis to changing intercellular CO 2 concentrations (A N -C i curve) was analysed (Farquhar et al., 1980) . Leaves in the cuvette were exposed to a range of CO 2 mole fractions from 50 to 1800 µmol mol −1 , and all gas exchange parameters were recorded after reaching the steady-state for each CO 2 concentration, typically 5-10 min after the change in ambient CO 2 concentration (C a ) (Centritto et al. 2003) . The method of Sharkey et al. (2007) ).
Chlorophyll fluorescence was measured by an FMS1 modulated chlorophyll fluorometer (Hansatech Instruments, King's Lynn, UK). Plants were dark adapted for 20 min prior to the determination of F o and F m (minimum and maximum fluorescence, respectively). The maximum quantum yield of PSII photochemistry (F v /F m ) was determined in dark-adapted leaves after application of a saturating pulse of 0.8 s with 3000 µmol photons m −2 s −1
. Then the leaves were exposed to actinic light of 400 µmol m −2 s −1 in order to obtain chlorophyll fluorescence in light-adapted leaves. The quantum yield of PSII photochemistry (Φ PSII ) was calculated using the formula Genty et al., 1989) , where F m ′ is the maximum fluorescence in the light-adapted leaves and F s is the steady-state fluorescence in the light. The non-photochemical dissipation of absorbed light energy (NPQ) was determined using the equation NPQ=(F m -F m ′)/F m ′ (Bilger and Björkman, 1991) .
Isoprene analysis
Isoprene emission from A. donax leaves was analysed by gas chromatography-mass spectrometry (GC-MS) as detailed in Beckett et al. (2012) . Briefly, part of the air flow out of the leaf cuvette was directed into a silicosteel cartridge packed with 200 mg of Tenax (Markes International Ltd, Llantrisant, UK). A volume of 2 l of air at a flow rate of 200 ml min −1 was sampled before removing the trap. The cartridges were analysed with a Perkin Elmer Clarus 580 gas chromatograph coupled with a Perkin Elmer Clarus 560S mass selective detector (Perkin Elmer Inc., Waltham, MA, USA), as reported in Velikova et al. (2016) .
Additionally to GC-MS, isoprene emission was measured online by a high-sensitivity proton transfer reaction mass spectrometer (PTR-MS; Ionicon Analytik GmbH, Innsbruck, Austria). After reaching steady-state photosynthesis, 0.1 l min −1 of the cuvette outflow was directed to the PTR-MS inlet by a T-connection. The operating parameters of the PTR-MS were set at 80 °C drift tube temperature, 550 V drift voltage and 2 mbar drift tube pressure, corresponding to an electric field strength (E)/gas number density (N) ratio of about 140 Td (where 1 Td=10 −17 V cm 2 ). The ion signal at m/z 69 corresponded to isoprene. Calibration of the instrument was performed by using a standard gas mixture (GCU; Ionicon Analytik GmbH, Innsbruck, Austria). The emission rate was calculated as described in Ahrar et al. (2015) . Carbon lost as isoprene (%) was calculated as the ratio of isoprene emission to photosynthesis. The internal concentration of isoprene was calculated as in Singsaas et al. (1997) to take into account drought-induced changes in stomatal conductance.
Analysis of carotenoids and phenylpropanoids
Carotenoids were identified and quantified as reported in Tattini et al. (2014) . Lyophilized leaf material was extracted with 2 × 5 ml acetone (added with 0.5 g l −1 CaCO 3 ) and injected (15 µl) into a Perkin Elmer Flexar liquid chromatograph equipped with a quaternary 200Q/410 pump and an LC 200 diode array detector (DAD) (all from Perkin Elmer, Branford, CT, USA). Photosynthetic pigments were separated in a 250 × 4.6 mm Agilent Zorbax SB-C18 (5 µm) column operating at 30 °C, eluted for 18 min with a linear gradient solvent system, at a flow rate of 1 ml min −1 , from 100% CH 3 CN/methanol (95/5 with 0.05% of triethylamine) to 100% methanol/ethyl acetate (6.8/3.2). Xanthophyll cycle pigments (violaxanthin, anteraxanthin, and zeaxanthin, collectively named VAZ), eoxanthin, lutein, and β-carotene, were identified using visible spectral characteristics and retention times. Individual carotenoids and chlorophylls were calibrated using authentic standards from Extrasynthese (Lyon-Nord, Genay, France) and Sigma-Aldrich, respectively, as previously reported (Tattini et al., 2014) .
Individual phenylpropanoids were extracted and purified following the protocol of Tattini et al. (2014) . Briefly, 100 mg lyophilized leaf material was extracted with 3 × 2 ml of 75% C 2 H 5 OH/H 2 O (pH was adjusted to 2.5 with formic acid). The supernatant was partitioned with 2 × 6 ml n-hexane, reduced to dryness and rinsed with 0.5 ml of CH 3 OH/H 2 O, and a 10 µl aliquot injected into the Perkin Elmer liquid chromatography unit reported above. The separation of phenylpropanoids was carried out by using a 250 × 4.6 mm Polaris C-18 Ether column (5 µm) kept at 30 °C. The eluent was H 2 O (with addition of 0.1% triethylamine and pH adjusted to 2.5 with H 3 PO 4 ) and CH 3 CN. Phenylpropanoids were separated using a linear gradient solvent system as reported in Tattini et al. (2004) and identified using retention times and UV-spectral characteristics of authentic standards (Extrasynthese), as well as by mass spectrometric data (details given in Tattini et al., 2014) .
Statistical analyses
Data were analysed using repeated measures with ANOVA (Girden, 1992) . Ecotype (ECO) was the between-subjects factor, and water treatment (WT) was the within-subjects factor. Gas exchange, PSII performance, and isoprene emission were estimated on plants at 98, 45, and 28% of FTSW, before and during drought stress, and at 96% FSTW during re-watering. Biochemical analyses were performed on plants at 98% (before stress), 28% (during severe stress) and 96% FTSW (during re-watering). Differences between ecotypes at each water treatment were analysed using Student's t-test. Asterisks indicate significant differences: *P<0.05, **P<0.001, ***P<0.0001.
Results
Effect of drought on gas exchange and PSII performance
The BG and the IT ecotypes of A. donax examined in our study differed significantly for the majority of the photosynthesis-related traits (Table 1 ; Figs 1 and 2). This resulted from both constitutively different gas exchange performance (i.e. in plants under well-watered conditions, FTSW of 98%) and significant ecotype×water-treatment interaction effects.
Photosynthesis was higher in BG than that in IT under well-watered conditions, and drought negatively affected A N to a greater extent in IT (-84%) than in BG (-69%) (Fig. 1A) . Photosynthesis recovered similarly and incompletely in BG (67%) and IT (62%) during re-watering. Stomatal conductance was not significantly different in well-watered ecotypes (Fig. 1B) . However, drought stress significantly inhibited g s of both ecotypes, and g s of IT was significantly more affected than in BG, so that the intrinsic water use efficiency (iWUE) became much higher in BG than in IT under severe stress (Fig. 1D) . Recovery of g s was incomplete and very similar in the two ecotypes (Fig. 1B) . Notably, BG and IT also displayed large differences in the g m to CO 2 , which was higher in BG than in IT, irrespective of the water treatment (Fig. 1C) . Differences in g m did not correspond to variations in the chloroplast CO 2 concentration (C c ) under well-watered conditions (both before stress and after re-watering), whereas C c was higher in BG than in IT at mild and severe drought (Fig. 1F ). In contrast, C i differed much less than C c between examined ecotypes, and only significantly dropped in IT exposed to severe drought (Fig. 1E) .
In order to better understand the factors limiting photosynthesis in A. donax ecotypes exposed to drought, the parameters derived from the responses of A N to changes in C i (A N -C i curves) were analysed. Apparent maximum carboxylation rate (V cmax , Fig. 1G ) and maximum electron transport rate (J max , Fig. 1H ) did not vary between ecotypes under wellwatered conditions, but declined more and recovered less in IT than in BG during drought stress progression and rewatering, respectively. A similar (though less evident) trend was also observed for limitation of photosynthesis by triosephosphate use (TPU, Fig. 1I ).
The photochemical quenching of Chl fluorescence (q P , Fig. 2A ) and the actual efficiency of PSII photochemistry (Φ PSII , Fig. 2B ) were constitutively greater in BG than in IT, 
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Abbreviations as shown in the text. Data were analysed using repeated measures with ANOVA. Ecotype (ECO) was the betweensubjects factor, and water treatment (WT) was the within-subjects factor. Gas exchange and isoprene emission were estimated on plants at 98, 45, and 28% of fraction of transpirable soil water (FTSW), before and during drought stress, and at 96% FSTW during re-watering (total degree of freedom, d.f.=39). Chlorophyll fluorescence-derived parameters and biochemical analyses were performed on plants at 98% (before stress), 28% (during severe stress), and 96% (during re-watering) FTSW (d.f.=17). *P<0.05; **P<0.001; ***P<0.0001. n.s., not significant. ETR, electron transport rate. and this difference was observed also when both q P and Φ PSII declined because of severe drought, and when the parameters slightly recovered after re-watering ( Fig. 2A, B) . The ability to dissipate thermal energy, estimated by the non-photochemical quenching of Chl fluorescence (NPQ, Fig. 2C ), was significantly higher in IT than in BG under both well-watered and drought-stressed conditions, and did not differ significantly between ecotypes after re-watering.
Effect of drought on isoprene, photosynthetic pigments, and phenylpropanoids
The BG ecotype differed strongly from the IT ecotype in the rates of isoprene emission (Table 1) . Isoprene emission, which was higher in well-watered BG than IT plants, either significantly increased (in BG) or remained constant (in IT) when drought was mild (Fig. 3A) . However, isoprene emission was severely inhibited in both ecotypes when drought was severe, and recovered after re-watering only in BG. The internal concentration of isoprene increased during drought stress progression in both ecotypes, and declined again after re-watering, when it became significantly higher in BG than in IT (Fig. 3B) . The concentrations of photosynthetic pigments underwent significant ecotype×water-treatment interaction effects (Fig. 4) . Chlorophyll declined more in response to severe drought, but partially recovered in BG, whereas the drop of chlorophyll was more permanent in re-watered IT (Fig. 4A) . Carotenoids, which were in greater concentration in wellwatered BG than IT, declined to a significantly greater degree in BG than IT because of severe drought (Fig. 4C) , mostly because of large decreases in β-carotene (Fig. 4G) and Measurements were carried out in well-watered plants, during drought stress and after re-watering, as indicated by the fraction of transpirable soil water. Data are means±SD (n=5). Analysis of variance (ANOVA) with between-and within-subject factors (summary given in Table 1 ) was carried out to assess statistical significance of mean differences. Asterisks denote significant differences (P<0.05) between BG and IT ecotypes at each fraction of transpirable soil water (FTSW): *P<0.05; **P<0.001; ***P<0.0001.
especially lutein (Fig. 4E) concentrations. β-Carotene did not recover after re-watering in BG, and remained unchanged in IT. The level of lutein was almost restored in re-watered BG, but it was lower in re-watered IT compared with pre-stress values. The concentration of violaxanthin (Fig. 4D) and neoxanthin (Fig. 4I ) also decreased significantly in response to drought, in both ecotypes. However, the concentration of xanthophylls dropped less than chlorophyll during drought stress, which resulted in an increase of xanthophylls on a chlorophyll basis, especially in BG (Fig. 4B) . Drought stress promoted xanthophyll de-epoxidation (DES, Fig. 4J ), particularly in IT. The greater biosynthesis of antheraxanthin (Fig. 4F) , and particularly of zeaxanthin (Fig. 4H ) in IT than in BG was not accompanied by similar differences in the concentration of violaxanthin, which was equally reduced in the two ecotypes during sever stress and after recovery. Xanthophyll-cycle pigments were mostly epoxized by the end of re-watering in both BG and IT, reaching pre-stress values (Fig. 4J) .
Hydroxycinnamic acid derivatives were in higher concentration in IT than in BG under well-watered conditions, whereas the opposite was observed for the concentration of Table 1 . Asterisks denote significant differences (P<0.05) between BG and IT ecotypes at each fraction of transpirable soil water (FTSW): *P<0.05, **P<0.001, ***P<0.0001. donax. Measurements were carried out in well-watered plants, during drought stress and after re-watering, as indicated by the fraction of transpirable soil water. Data are means±SD (n=5). Statistical treatment of data is given in Table 1 . Asterisks denote significant differences (P<0.05) between BG and IT ecotypes at each fraction of transpirable soil water (FTSW): *P<0.05, **P<0.001, ***P<0.0001. flavonoids (Fig. 5) . Overall the concentration of hydroxycinnamates (Fig. 5A, B) varied less than the concentration of flavonoids (Fig. 5C, D) because of drought stress. Among hydroxycinnamates, the concentration of caffeic acid derivatives increased particularly in drought-stressed BG, while it did not vary in IT (Fig. 5B) . Among the flavonoids, the biosynthesis of luteolin derivatives was greatly enhanced by drought stress in both ecotypes (Fig. 5C ), whereas apigenin derivatives were only enhanced by the stress in the BG ecotype (Fig. 5D) . Re-watering largely restored the concentration of phenylpropanoids observed before stress.
Plant morphology and biomass accumulation
Changes of morphological parameters (stem height, leaf number, SLA) and biomass accumulation were followed in plants that were not stressed or recovered from stress. No significant differences in either of these parameters between BG and IT ecotypes were observed following the drought-stress treatment ( Supplementary Fig. S1 at JXB online), which indicates that the stress was not sufficiently acute to impair plant growth.
Discussion
Ecotypes of A. donax are phenotypically different under well-watered conditions
The two ecotypes of A. donax that were investigated in this study showed different physiological and metabolic features when grown under well-watered conditions. Photosynthesis was significantly higher in the BG than in the IT ecotype. Interestingly, g m was significantly higher in the BG ecotype, whereas no differences between the two ecotypes in terms of g s , C i , and C c were observed. There is evidence that the mesophyll diffusion conductance strongly depends on leaf anatomical and structural features (Tosens et al., 2012; Adachi et al., 2013; Xiong et al., 2017) . The two ecotypes did not show any differences in their foliar anatomical structure (data not shown). These were not expected, as it was demonstrated that drought stress did not cause any change in leaf anatomy of plants belonging to the Arundinoideae family (Velikova et al., 2016) . Observed differences in g m could be due to cell wall thickness or other parameters that were not measured. Indeed, g m mostly correlates with chloroplast exposed surface to leaf area ratio and cell wall thickness (Evans and Loreto, 2000; Tomás et al., 2013) Alternatively, different levels of aquaporins, or different concentrations of carbonic anhydrase in the stroma, could contribute to set different g m in BG and IT ecotypes, as both are involved in the regulation CO 2 transfer toward chloroplasts (Perez-Martin et al., 2014) .
iWUE is an important eco-physiological trait under drought conditions, which can provide a reliable assessment of how effectively water is saved by plants coping with drought stress (Medrano et al., 2009 ). In our study, iWUE of well-watered plants was lower in IT than in BG, suggesting that the ecotype adapted to the drier environment developed a more efficient water saving strategy. However, generally adaptation to dry environments involves reduced stomatal aperture, reduced mesophyll conductance, and reduced photosynthesis. The conductances of BG leaves were similar and often higher than those of IT leaves. Therefore, the higher iWUE simply indicates an inherently higher capacity of photosynthesis of the BG ecotype under non-stressful conditions. The reported iWUE values are similar to those observed by Nackley et al. (2014) in a greenhouse experiment. However, when compared with the recent report of Webster et al. (2016) on naturally occurring A. donax stands in southern Portugal, the ecotypes tested here had lower iWUE under control conditions, possibly due to their high g s . The BG ecotype was also characterized by higher efficiency of PSII photochemistry and lower NPQ under well-watered conditions. This is in line with the better photosynthetic performance observed here, and with a lower need to dissipate light energy non-photochemically.
The higher levels of isoprenoids (isoprene, antheraxanthin and especially β-carotene) might also indicate a higher activity of the methylerythritol 4-phosphate (MEP) pathway in the BG ecotype (Cazzonelli and Pogson, 2010) . In unstressed conditions, the same relative carbon investment into isoprene was made by the two ecotypes, corresponding to about 0.4% of the photosynthetic carbon. However, in absolute terms, more carbon was allocated to the MEP pathway of BG plants. We interpret this as a constitutive trait that may provide rapid protection against occasional stresses. We know that the BG ecotype grows in a more challenging environment compared with the IT ecotype (see 'Introduction'). Thus, the higher biosynthesis of isoprenoids may be adaptive, protecting the photosynthetic apparatus when unfavorable conditions develop . In contrast, the IT ecotype seems to invest more into phenylpropanoids, namely hydroxycinnamic acids. Since hydroxycinnamates are well known powerful antioxidants with diverse physiological roles (for review, Teixeira et al., 2013; Macoy et al., 2015) , we again interpret their higher presence in IT as an adaptive trait, perhaps an alternative to isoprenoids. The switch between the two protecting mechanisms might be related to their biosynthesis and concentration in the leaf mesophyll. Perhaps the BG ecotype has developed a better strategy to protect leaf chloroplasts and the photosynthetic apparatus, whereas the IT ecotype must develop antioxidants that preserve the entire leaf integrity against different stresses.
A. donax ecotypes display different strategies to cope with drought stress
Indeed, the studied ecotypes also exhibited differences in their responses to drought. Photosynthesis was slightly, but significantly, less affected by mild drought in the BG than in the IT ecotype. Photosynthesis inhibition at earlier stages of drought was mainly due to reduced stomatal conductance in both ecotypes, in turn leading to diffusive limitations associated with reduced availability of CO 2 at the carboxylation sites (Flexas et al., 2004; Grassi and Magnani, 2005; Erismann et al., 2008; Chaves et al., 2009) . In fact, the C i reduction in the leaves of both ecotypes under mild drought, albeit not statistically significant, was consistent with stomatal closure Table 1 . Asterisks denote significant differences (P<0.05) between BG and IT ecotypes at each fraction of transpirable soil water (FTSW): *P<0.05, **P<0.001, ***P<0.0001.
inducing increased diffusive limitations to CO 2 entry, and suggested no onset of biochemical limitations (Cornic, 2000) . A further reduction of C i was only observed in BG leaves under severe drought stress, consistent with a progressive control of photosynthesis by diffusive limitation. On the other hand, in severely drought-stressed IT leaves, stomatal closure did not cause a further reduction of C i , which may indicate the onset of metabolic limitations of photosynthesis (Lawlor and Cornic, 2002; Centritto et al., 2003) , and a lower adaptation of this ecotype to drought. Metabolic impairment of photosynthesis is often seen in plants that are not adapted to drought (Ashraf et al., 2004; Ashraf and Harris, 2013) . It may be caused by a decrease in Rubisco carboxylation (Parry et al., 2002) or by reduced regeneration of RUBP . In fact, our A. donax ecotypes exhibited similar trends of changes in photosynthetic parameters associated with photosynthetic limitations. Both ecotypes showed reduced V cmax , J max and TPU under drought, and the reduction was particularly strong in severely stressed leaves of the IT ecotype. V cmax reduction indicates substantial reduction of Rubisco activity (Centritto et al., 2003) . J max reduction suggests lower RUBP regeneration and energy-limited photosynthesis. TPU reduction indicates accumulation of triose phosphate in the chloroplasts, which in turn decreases the availability of inorganic phosphate to the chloroplasts (Foyer and Noctor, 2000; Drozdova et al., 2004) .
In the present study, iWUE increased in both ecotypes with the onset of drought, which indicates a strong conservative control of stomatal conductance on the water losses by transpiration (Ma et al., 2014; Velikova et al., 2016) . The values of iWUE observed under drought in A. donax were higher than in other herbaceous species (25-70 µmol mol −1 ) (Medrano et al., 2009) , especially in the case of BG, which highlights the potential of A. donax to cope with soil water deficit and withstand large changes of water availability through stomatal closure. A very tight control of the water resource in A. donax was also previously reported (Sánchez et al., 2015) . When the drought became severe, iWUE increased strongly only in the BG ecotype, suggesting a better strategy of water use (Bacelar et al., 2012) , and a better adaptation to reduced water supply in this ecotype (Ares et al., 2000; Chaves et al., 2009) .
The significant stimulation of isoprene emission under mild drought in the BG ecotype could indicate activation of the MEP pathway for protection of photosynthesis from drought-induced ROS (Fig. 3A) . Our results are consistent with previous studies with transgenic plants (Behnke et al., 2007; Ryan et al., 2014; Tattini et al., 2014) and support the general antioxidant role of isoprene under abiotic stress (Loreto and Velikova, 2001; Vickers et al., 2009b; Velikova et al., 2011; Selmar and Kleinwächter, 2013) . Under severe drought conditions, isoprene emission dropped significantly, similar to photosynthesis. Generally, the reduction of isoprene emission under drought is mainly the result of limitation in carbon and energy supply through photosynthesis for isoprene biosynthesis (Brilli et al., 2007; Fortunati et al., 2008 ; Measurements were carried out in well-watered plants, during drought stress and after re-watering, as indicated by the fraction of transpirable soil water. Data are means±SD (n=5). Statistical treatment of data is given in Table 1 . Asterisks denote significant differences (P<0.05) between BG and IT ecotypes at each fraction of transpirable soil water (FTSW): *P<0.05, **P<0.001, ***P<0.0001. Tattini et al., 2014) . Alternative carbon sources such as xylemtransported glucose (Kreuzwieser et al., 2002; Schnitzler et al., 2004) , chloroplastic starch (Karl et al., 2002) or refixation of CO 2 generated by light respiration (Anderson et al., 1998; Loreto et al., 2004) can contribute to provide carbon for isoprene when photosynthesis is totally inhibited. However, in the case of the Arundo ecotypes examined here, photosynthesis was not completely suppressed under drought, and we argue that carbon sources other than photosynthesis might have not been activated for isoprene biosynthesis. In fact, the isoprene emission drop may have been largely caused by stomatal closure, and isoprene production might have continued at high rates, as the calculated internal concentration of isoprene was very high in severely stressed leaves of both ecotypes.
Severe drought also caused substantial changes in carotenoids (Fig. 4) and penylpropanoids (Fig. 5 ) of both A. donax ecotypes. The IT ecotype exhibited a stronger increase of antheraxanthin and zeaxanthin and a consequently much higher deepoxidation of xanthophylls, suggesting that this ecotype was exposed to higher oxidative pressure (Munné-Bosch and Peñuelas, 2004) . The stronger increase of zeaxanthin concentration in the IT compared with the BG ecotype could contribute to the quenching of the singlet oxygen excited state of chlorophyll and to NPQ formation (Havaux et al., 2007) . Moreover, higher zeaxanthin in the IT ecotype may have increased the rigidity of thylakoid membranes, and reduced peroxidative damage under drought stress (Havaux et al., 1996 (Havaux et al., , 2007 . β-Carotene decreased much more in the BG than in the IT drought-stressed ecotype. This result is at odds with the proposed overall stimulation of the MEP pathway in the drought-resistant BG ecotype. It may indicate a preferential use (and oxidation) of β-carotene as an antioxidant during drought, especially when the stress is severe (Telfer, 2002) . In the light of the hypothesized role of isoprene in providing protection against lipid peroxidation as a result of oxidative damage, and facilitating membrane stabilization during abiotic stress (Loreto and Velikova, 2001; Vickers et al., 2009a; Velikova et al., 2011) , it could be surmised that zeaxanthin has a predominant role in the ecotype with lower ability to produce isoprene (IT), and that the two ecotypes have contrasting strategies of using their isoprenoids. The negative correlation between isoprene-zeaxanthin and isoprene-NPQ was seen in plants with genetically downregulated isoprene emission (Behnke et al., 2009; Velikova et al., 2015) . Native non-isoprene emitting species are also characterized by higher levels of zeaxanthin and NPQ (Velikova et al., 2016) . As a general hypothesis, volatile isoprenoids might protect photosynthesis under mild stress while xanthophylls might be more effective when photosynthesis is largely inhibited and the oxidation potential is higher (Beckett et al., 2012) . However, the pool of isoprene increased in both ecotypes under severe stress, whereas the pool of xantophylls expressed on a chlorophyll basis (VAZ/Chl tot ) was overall significantly higher in the BG than in the IT drought-stressed ecotype, suggesting that the improved resistance to drought in BG comes from cooperation between volatile and non-volatile isoprenoids.
The concentration of phenylpropanoids was significantly stimulated by severe drought in both ecotypes, but flavonoids were specifically more stimulated in the BG than in the IT ecotype. The biosynthesis of flavonoids is upregulated under the same conditions that activate antioxidant enzymes, confirming their ROS-scavenging function when plants are exposed to prolonged stress conditions (Agati et al., 2011) . Our results suggest that accumulation of flavonoids may favor drought stress tolerance in A. donax plants (Hernández et al., 2004) in cooperation with other secondary metabolites, namely isoprenoids (Tattini et al., 2004) . The higher accumulation of flavonoids and hydroxycinnamic acids, especially in the BG ecotype, could also act as photoprotection, reducing the excess light absorbed by drought-stressed leaves.
Phenotypic traits underlie different recovery from drought stress in the A. donax ecotypes
Generally, the BG ecotype showed better recovery after rewatering than the IT ecotype. Photosynthesis did not recover completely in either of the ecotypes, and we attribute this effect to long lasting diffusive limitations, as both conductances (g s and g m ) and the concentration of CO 2 at the carboxylation site (C c ) remained largely reduced in the two ecotypes. This indicates that stomatal and mesophyll limitations might have a strong impact in limiting photosynthesis of A. donax under natural conditions and recurrent drought stress. However, photosynthetic parameters (V cmax , J max and TPU) reached control values only in BG re-watered plants. It is thus suggested that complete recovery from drought only occurs when photosynthetic limitations are diffusional (i.e. in the BG ecotype, where we might have seen complete recovery of photosynthesis once diffusive limitations were overcome), not when a more permanent damage to the photosynthetic machinery occurs (as in the IT ecotype) Flexas et al., 2004) . We surmise that metabolic limitations were prevented in BG by the large investment in antioxidants, and also suggest that volatile and non-volatile isoprenoids might have played an important role in this respect. Isoprene emission and internal pools almost reached the pre-stressed values in re-watered BG, but remained largely inhibited in IT. Higher J max in BG after recovery could indicate a higher rate of linear electron transport for isoprenoid biosynthesis (Dani et al., 2014) . It has been shown that the presence of isoprene enhances the fluidity of thylakoid membranes and flow of electrons along photosystems (PS) I and II, especially under stress (Velikova et al., 2011) , but also under more physiological conditions (Pollastri et al., 2014) . Therefore, we suggest that the observed differences between both ecotypes could be due to a more efficient electron transport rate in the BG ecotype with higher isoprene emission under mild drought and recovery (Lawlor and Cornic, 2002; Wentworth et al., 2006; Ashraf and Harris, 2013) .
Conclusions
In conclusion, our data show that photosynthetic inhibition of drought-stressed A. donax is largely due to a strong reduction of stomatal and mesophyll conductance, which limits CO 2 entry, down-regulates Rubisco and the electron transport rate, but allows iWUE to increase and resistance to prolonged stress to occur. Analysis of ecotypes adapted to different climate suggests that the metabolic impairment of photosynthesis only occurs in the ecotype adapted to mesic conditions (IT). In the BG ecotype, which was adapted to harsher conditions, enhanced biosynthesis of isoprenoids might have contributed to protecting photosynthetic membranes, avoiding the metabolic damage under severe drought and allowing for a more complete and rapid recovery of parameters determining potential photosynthesis after re-watering (Tattini et al., 2014 Brunetti et al., 2015) . Considering (i) the increasing global limitation in water resources, (ii) the general interest in cultivating A. donax and other biofuel crops on marginal land (Pilu et al., 2013) , and (iii) the low genetic variability due to Arundo sterility, which makes conventional breeding of new genotypes or varieties impossible (Ahmad et al., 2008; Mariani et al., 2010; Pilu et al., 2012 Pilu et al., , 2013 , exploring ecotypes with superior performances in droughtstress conditions, possibly associated with higher investments in isoprenoids, might improve the cultivation of A. donax in regions with limited water resources.
Supplementary data
Supplementary data are available at JXB online. Fig. S1 . Stem height, leaf number, specific leaf area and total biomass accumulation in BG and IT ecotypes of A. donax.
